Ag combined. 1, 6) In addition, the highest dose rates were reported in Iitate Village and Namie Town, located at the northwest of the FDNPP. 3, 7) Following the release of the artificial radionuclides to nearby residences, the public and many scientists were concerned about the radiation contamination in food and water sources. In particular, concerns were raised regarding long-lived radionuclides such as 137 Cs (T 1/2 : 30.05 y) and 134 Cs (T 1/2 : 2.04 y) which can accumulate in the organs if they are introduced into the body. A program by Fukushima Prefecture authorities estimated the internal dose due to an intake of radiocesium using whole body counting (WBC) measurements for more than 150,000 residents (as of September 2013) and most of the estimated doses (99.98%) were less than 1 mSv as the committed effective dose. 8) The external doses for the first four months after the accident (11 March to 11 July 2011) for 421,394 residents in Fukushima Prefecture were estimated by the Fukushima Health Management Survey and the effective dose distributions for the residents were: less than 1 mSv, 62.0%; less than 2 mSv, 94.0%; less than 3 mSv, 99.4%. 9) However, all the residents from evacuated areas are still evacuating in the other areas. In order to confirm the absorbed dose rates in air to external exposure and radiation observations, an agreement to provide reconstruction support, including carrying out environmental assessment, proposing decontamination measures and educating the evacuees from Namie Town and workers in Namie Town office about radiation and decontamination measures was reached between Namie Town and Hirosaki University on September 29 th , 2011.
10)
The car-borne survey approach is a common and effective method for dose assessment in the field. Thus, car-borne surveys of radiation doses in the environment have been conducted by many research groups. 3, 6, 11~13) HOSODA et al. 3) reported that the highest dose rate of 36 Gy h -1 was measured in Namie Town on April 11 th , 2011. Furthermore, a similarly high value of more than 30 Gy h -1 was measured in Akougi, Namie Town on April 18 th -21 st , 2011. 13) In addition, in response to the nuclear disaster, a compact radiation dose survey system, Kyoto University Radiation Mapping system (KURAMA), was developed in June 2011 and is based on the car-borne surveys of radiations in the prefectures where nuclear power plants are constructed. 6, 11, 12) Although radiation dose surveys have been conducted in many locations within the Fukushima Prefecture and other locations in Japan, the gamma-ray survey and the analysis of activities of several radionuclides are still necessary for the determination of the radiation levels over long periods of time. In this study, a survey site in Namie Town, which has been impacted by radionuclide deposition, was selected to estimate the absorbed dose rate in air caused by the artificial and natural radionuclides and the dose rate distribution maps were drawn using these data.
II MEASUREMENT METHOD
As the detailed car-borne survey method has been described in previous reports; 14~16) only an outline is provided here. (Fig. 1) .
Fi g. 1 (a) Location of Namie Town, Fukushima Prefecture, Japan. (b) Position and distance between the Fukushima Daiichi Nuclear Power Plant (FDNPP) and Namie Town. The maps were made using Google earth and an outline of the maps from d-maps.com.
A 1-in × 1-in NaI(Tl) scintillation survey meter (TCS-171B, Hitachi ALOKA Medical, Ltd., Japan) was used for the survey in 2011, which was placed on the front passenger seat in the car (Prius, Toyota Motor Corporation, Japan). The values obtained in 2011 were later calibrated based on an instrument comparison experiment using a 3-in × 3-in NaI(Tl) scintillation spectrometer (EMF-211, EMF Japan Co., Japan) in Fukushima Prefecture. On the other hand, measurements of the counts inside the car (Corolla fielder, Toyota Motor Corporation, Japan) were carried out every 30 s along the route using the EMF-211 throughout the survey in 2014 and 2015. In order to generate a dose rate distribution map, the latitude and longitude coordinates were recorded using a global positioning system (GPS) in each measurement location. The detector was placed on the center of the rear passenger seat of the car around 1 m high above the ground and connected to a laptop for the controls.
Due to the absorption of gamma rays by the car's body, a shielding factor was evaluated to convert the values measured inside the car into the ambient dose rate outside of the car.
In the 2011 survey, the shielding factor by the car body was estimated by making 16 dose rate measurements inside and outside of the car.
In the 2014 and 2015 surveys, the shielding factor was estimated by making measurements inside and outside the car at 10 points and correcting them with the inside count rates. Measurements of the count were recorded over consecutive 30 s intervals during a total recording period of 2 min. The absorbed dose rates in air were calculated from a dose rate conversion factor (DRCF) based on the correlation of dose rate (nGy h -1 ) and total count rate (cpm) from 0 to 1,023 channels in the gamma-ray pulse height distribution. 16) Usually, the gamma-ray pulse height distribution is obtained by 15 min measurements at each measurement point. However, the gamma-ray pulse height distribution was not measured in Namie Town in order to obtain more data inside the car for a limited time of this survey. Thus, the DRCF obtained by the previous study 16) was used in this study. In the previous study by the authors, 16) measurements of gammaray pulse height distributions were carried out at 1 m above the ground surface at 35 measurement points in Aomori Prefecture. The gamma-ray pulse height distributions were unfolded using a 22 × 22 response matrix for the estimation of absorbed dose rate in air. 17, 18) The DRCF of the scintillation spectrometer used in the present survey was determined to be 1.9 × 10 -3 nGy h -1 cpm -1 with a 2.2 × 10 -5 nGy h -1 cpm -1 standard uncertainty. This DRCF was obtained in Aomori Prefecture, a region that was little influenced by the artificial radionuclides. 16) Additionally, the DRCF was justified using the five data points obtained from another survey in Koriyama City on August 25, 2014, which was evaluated to be 1.9 × 10 -3 ± 4.4 × 10 -5 nGy h -1 cpm -1 . 19) Thus, the DRCF obtained in Aomori Prefecture can be used for the count rates obtained in Fukushima Prefecture.
III RESULTS AND DISCUSSION
1. Shielding factor and calibration formula of absorbed dose rate in air The relationship between the count rates (counts per 30 s) measured at inside and outside of the car (total measurement points; n = 10) is shown in Fig. 2 . The shielding factor and the standard uncertainty in 2014 and 2015 were evaluated as 1.24 and 0.01, respectively. In comparison, the shielding factor of the survey in 2011 was evaluated as 1.59 ± 0.05 (n = 16, R 2 = 0.980). The different type and material of cars may cause the absorption rate of the car body, which affect to the count rate inside the car. Furthermore, the calibration formula used for determining the absorbed dose rate in air based on the TCS-171B measurements is shown in Eq. (1). This calibration formula was evaluated using the 295 data obtained by EMF-211 and TCS-171B in Fukushima Prefecture. The correlation between the absorbed dose rates in air obtained by EMF-211 and TCS-171B showed a strong correlation (R 2 = 0.929).
Here, D EMF-211 is the absorbed dose rate in air (Gy h 
Estimation of absorbed dose rate in air
The map has been drawn based on the 549, 1,332 and 1,385 measurements obtained during the surveys in 2011, 2014 and 2015, respectively ( Table 1) . The examined areas were divided into two main areas, in the first area, urban areas such as ordinary roads, coastal areas and main living areas were measured about 147, 451 and 668 of the total measurement points that could be given as a percentage of 27%, 34% and 48% for each survey in 2011, 2014 and 2015, respectively, Fi g. 2 Correlation between the count rates outside and inside the car. The slope of this regression line was used as the shielding factor of the car body. , respectively. As shown in Fig. 3(a) , the maximum and minimum values were respectively found in Ide (37.46°N, 140.94°E) and Ukedo (37.48°N, 141.04°E). It is well known that the dose rates were heterogeneously distributed.
In 2014, the maximum absorbed dose rate in air and standard uncertainty in Kawabusa (37.53°N, 140.85°E, Fig. 3(b) ) were evaluated as 5.8 ± 0.081 Gy h -1 , whereas the minimum dose rate and standard uncertainty were found in Tanashio (37.50°N, 140.92°E, Fig. 3(b) ) to be 0.09 ± 0.001 Gy h , which is about a 32% decrease relative to the geometric mean value measured in 2011. In 2015, the maximum and minimum with their uncertainties and geometric mean were evaluated as 5.6 ± 0.080, 0.05 ± 0.001 and 0.9 Gy h -1 , respectively, which is about a 24% decrease from the first year. The highest dose rate was found in Ide (37.47°N, 140.93°E, Fig. 3(c) ), which is also in the radionuclide deposition pathway. The lowest dose rate was found in Ukedo (37.47°N, 141.04°E, Fig. 3(c) ), which is located in an area adjacent to the south of Tanashio. According to the maps shown in Fig. 3 , the low dose rate areas are located in the city center along the coast. Conversely, high dose rates were observed near forested areas. The values obtained in the car-borne survey indicate the radiation dose along paved roads, which are covered by asphalt. According to previous reports, 3, 20) the observation of lower dose rates over sealed surfaces can be explained by easier removal of deposited radionuclides from them. Contamination in the air can be eliminated away more easily by rain and is also diluted by resuspension from wind, which is easier along sealed surface by concrete/asphalt rather than unsealed surface such as forested areas where contamination adheres to soil particles and plants. Thus, the reduction rate of absorbed dose rate in air around forested areas might be lower than that around coastal area and Namie Town office.
Estimation of annual effective dose
The average value of the absorbed dose in air was estimated from the average absorbed dose rate in air obtained in this study and the conversion factor (CF) between the absorbed dose in air and the effective dose. In this dose estimation, the dose ratio between the inside and outside of the building was not considered. Furthermore, the CF value of 0.748 Sv Gy -1 reported by MORIUCHI et al. 21) was used for the estimation. This CF value was estimated from the absorbed dose in air to the effective dose equivalent in the natural environment. According to a report by SAITO et al., 22) the effective dose was less than 10% lower than the effective dose equivalent. In comparison, the CF value for artificial radiation ( . 23, 24) However, a CF value of 0.748 Sv Gy -1 was used for a conservative dose estimation according to previous reports. 16, 20) The geometric means of the annual absorbed dose in air by the surveys in 2011, 2014 and 2015 were 32, 11 and 8 mGy, respectively. Thus, the annual effective doses were estimated to be 24, 8 and 6 mSv, respectively. The Japanese government ruled that the annual effective dose needed for an evacuation directive lift in the prepared area be set to 20 mSv. 25) The values obtained in this study were 120%, 39% and 29% for the 20 mSv, respectively.
International Commission on Radiological Protection (ICRP) Publication 111 mentions that the reference level for the optimization of protection of people living in contaminated areas should be selected in the lower part of the 1-20 mSv for the management of this category of exposure situations. 26, 27) Thus, the values obtained in 2014 and 2015 remain in the range of recommended value from ICRP for the radiation exposure situation. 
IV CONCLUSIONS
The absorbed dose rate in air in Namie Town was estimated based on a car-borne survey in 2011, 2014 and 2015 and the dose rate distribution maps were drawn using these data. Low dose rate areas in 2011, 2014 and 2015 were observed in the city center, which is located around the coast. In contrast, high dose rates were observed near forested areas. The estimated annual effective doses using the geometric means of the annual absorbed dose in 2011, 2014 and 2015 were 24, 8 and 6 mSv, respectively. These estimated values in 2014 and 2015 were dropped by 66 and 75% from 2011, respectively. However, in order to confirm the radiation external exposure level, radiation monitoring in evacuation zones should continue in the future.
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